This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. where it forms through the transformation of the fayalite-rich rims of olivine megacrysts or Fe-rich microphenocrysts in contact with shock melt pockets. We report the first comprehensive set of crystallographic, spectroscopic, and quantitative chemical analysis of type ahrensite, and show that concentrations of ferric iron and inversion in the type material of this newly approved mineral are negligible. We also report the occurrence of nanocrystalline ringwoodite in strained olivine and establish correlations between grain size and distance from melt pockets. The ahrensite and ringwoodite crystals show no preferred orientation, consistent with random 2 nucleation and incoherent growth within a highly strained matrix of olivine. Grain sizes of ahrensite immediately adjacent to melt pockets are consistent with growth during a shock of moderate duration (1-10 ms).
INTRODUCTION
Bolide impacts represent a fundamental process in the construction and destruction of planetary bodies, especially early in the history of the solar system (e.g., Neukum et al., 2001; Canup, 2012; Morbidelli et al., 2012; Fassett and Minton, 2013; Marchi et al., 2013) . On the Earth, active surficial processes tend to bury, modify, or destroy the features produced by these events over geologic time; but on Mars, the Moon, asteroids, and airless bodies in general, the scars of past impact events are clearly visible even with a casual perusal of the surficial geology.
All Martian meteorites, previously launched from the surface of Mars, exhibit evidence for significant shock effects; shergottites and chassignites have been especially heavily shocked and contain a broad range of high-pressure phases (e.g., Fritz and Greshake, 2009; Baziotis et al., 2013; El Goresy et al., 2013b; Walton et al., 2014) . Thus, any interpretation of earlier conditions, resulting from processes on Mars that can be drawn from SNC meteorites, must take into account possible modifications through the launching-shock event. Shock metamorphism affects the texture, chemistry, and mineralogy of Martian meteorites and, potentially, the record of radionuclide systems (Bouvier et al., 2008; El Goresy et al., 2013a; Humayun et al., 2013) , although the influence of shock on the discordia of radioisotope systems is under active debate (e.g., Bloch and Ganguly, 2014) . The deep gravity well of Mars also makes Martian meteorites better analogs for large terrestrial impacts than are the heavily shocked ordinary chondrites.
The Tissint meteorite is an olivine-phyric shergottite, consisting mainly of pyroxene (mostly pigeonite and subcalcic augite), olivine (magnesian megacrysts with thin ferroan rims and microphenocrysts), maskelynite (shock-produced, plagioclase-composition glass), and accessory chromite, ilmenite, merrillite, and FeS, plus scattered shock-melt pockets and rare melt veins with associated high-pressure phases. Walton, et al. (2014) described residual grains of the original igneous minerals within melt veins and/or pockets from Tissint that survived the shock event; these have not been observed in the melt pockets examined in this study. Here, we characterize grain dimensions of ringwoodite and the recently established high-pressure mineral, ahrensite (Fe 2 SiO 4 spinel) as a function of distance from melt pockets; these provide an independent constraint on the duration of the Tissint shock event.
The olivine structure is closely related to the spinel structure. Upon compression, forsterite and its Co-, Fe-, and Ni-isomorphs transform to the cubic Fd 3 m spinel structure (e.g., Ringwood, 1958 Ringwood, , 1962 1963; Ringwood and Major, 1966) ; but among these, only two, ringwoodite and ahrensite, are currently known to exist in nature. In this work, we give the first comprehensive chemical, spectroscopic and crystallographic account of the new mineral ahrensite [γ-(Fe,Mg) 2 SiO 4 , IMA-2013-028] . Ahrensite is the Fe end-member of the γ-Mg 2 SiO 4 -Fe 2 SiO 4 series of silicate-spinels, which are critical constituents in the mantles of Earth, Mars, and Venus (e.g., Bertka and Fei, 1997; Stixrude and Lithgow-Bertelloni, 2011; Armann and Tackley, 2012) . Since ringwoodite was the first known silicate mineral with the spinel structure, the convention (Mills et al., 2009 ) is to use ringwoodite as the group name. Thus, ahrensite is the second member of the ringwoodite group of minerals. Ahrensite refers to a γ-(Fe,Mg) 2 SiO 4 solid solution with Mg# [100Mg/(Mg + Fe) computed on a molar basis] < 50 and ringwoodite to those with Mg# > 50.
Ringwoodite is commonly observed in highly shocked meteorites from the Moon, Mars, and H and L ordinary chondrites (e.g., Binns et al., 1969; Kimura et al., 2003; Xie and Sharp, 2007; Zhang et al., 2011; Baziotis et al., 2013; Walton et al., 2014) . In some L5-L6 ordinary chondrites, Mg#s are low enough so that the phase being described is actually an ahrensite [i.e., Mg# < 50; Xie et al., 2002; Feng et al., 2011] , with the mole % of Fe 2 SiO 4 as high as 98% in the L6 chondrite Umbarger (Xie et al., 2002) . However, these descriptions did not lead to approval of a new mineral by the Commission on New Minerals, Nomenclature, and Classification (CNMNC). In this report, we provide full sets of chemical and structural information that establish ahrensite, γ-(Fe,Mg) 2 SiO 4, as a new mineral based on occurrences in the Martian meteorite Tissint and use this phase to constrain shock processes. Ma et al. (2014a,b) give preliminary reports of the results described in this work.
The CNMNC of the International Mineralogical Association has approved "ahrensite" (IMA 2013-028) (Ma et al., 2013) . The name was given to honor Caltech geophysicist Thomas J. Ahrens (1936 Ahrens ( -2010 for his pioneering and fundamental contributions to high-pressure mineral physics and planetary sciences, many of which involved the use and interpretation of shock effects in natural rocks and synthetic materials.
SAMPLES AND METHODS

Sample information for type material and other occurrences
The Tissint meteorite is a recent meteorite fall associated with an observed fireball event near Tissint and Tata, Morocco, on July 18, 2011. Based on mineral chemistry (molar Fe/Mn in olivine and pyroxenes), noble-gas signatures, and bulk trace-element and oxygen-isotope compositions, this meteorite has been classified as Martian (Aoudjhane et al., 2012; Irving et al., 2012; Murty et al., 2012) . Tissint is the fifth fall of a Martian meteorite and the first since Zagami in 1962. It is a depleted olivine-phyric shergottite with abundant shock features and has been the subject of intensive study since its fall, largely because it is so fresh (e.g., Steele et al., 2012; Baziotis et al., 2013; Walton et al., 2014 and references therein).
We discovered ahrensite in three polished thin sections of Tissint prepared from one ~10 g fragment with a partial fusion crust. Type material in Tissint sections UT1, UT2 and UT3 (e.g.,
Figs. 1-2, S1; formerly referred to as MT-1, 2, 3 by Baziotis et al., 2013) areas between melt pockets and olivine, the petrographic setting in which ahrensite occurs in Tissint. Phases in these regions were, however, composed of terrestrial alteration products, and shock-induced high-pressure polymorphs of olivine, if present in the original meteorite sampled by the analyzed sections, have been lost due to weathering.
Analytical methods
For ahrensite in Tissint, electron probe microanalysis (EPMA), high-resolution scanning electron microscope (SEM), electron back-scatter diffraction (EBSD), synchrotron X-ray diffraction, microRaman spectroscopy, and optical microscopy were used to determine its composition, physical properties, and structure, and to characterize associated phases.
Back-scatter electron (BSE) imaging and EBSD were carried out using a ZEISS 1550VP with the CITZAF correction procedure (Armstrong, 1995) and representative analytical results are given in Table 1 .
Synchrotron diffraction data were collected at the undulator beamline 16-IDB (APS, Argonne National Laboratory) using a primary beam energy of 20.072 keV (0.6177Å) and about 94% horizontal polarization, monochromatized by a double-crystal Si (111) monochromator. The sample consisted of a doubly polished thin section of Tissint mounted on a glass slide. A Pilatus 1M hybrid-pixel array detector was used for collecting the sample diffraction data. The X-ray beam was initially focused to a rectangular ~ 4×5 µm 2 area on the top surface of the thin-section, where the Tissint sample was exposed, by vertical and horizontal Kirkpatrick-Baez mirrors of 200 mm focal length. Since the beam passed through both the meteorite and the underlying glass slide upon which the sample was mounted, diffraction pattern images were first corrected for diffuse scattering from the glass slide using the Fit2D background image subtraction module (Hammersley et al., 1996) , and then integrated and corrected for geometric distortion from detector tilt using Fit2D (Hammersley et al., 1996) . Ahrensite in thin-section UT2 was scanned in 5 µm steps horizontally and vertically through the focused X-ray beam, and diffraction patterns were recorded in transmission geometry at each step. Rietveld refinement of the ahrensite structure was conducted with the program PowderCell (Kraus and Nolze, 1996) , as detailed below.
The optical spectrum of ahrensite was collected in the 380-1080 nm region, with the silicon diode-array microspectrometer described in Rossman and Taran (2001) , and in the nearinfrared region with a Thermo-Nicolet iS50 FTIR fitted with a Continuµm infrared microscope using a MCT-A detector and a silica beamsplitter interrogating a 25 × 25 µm area. The area used for the spectrum was centered on the UT1 sample shown in Fig. 3 , in the bluish-green area labeled "ahrensite".
Raman spectroscopic microanalysis was carried, out using a 514.3 nm solid-state laser in a Renishaw M1000 micro-Raman spectrometer system, on type ahrensite in section UT2 and on green ringwoodite in section UT1, using the methods described in Rossman (2008, 2009 ). The spot size was about 2 µm. Figures 1 and S1 provide an overview of the Tissint rock in UT2, which contains the type material. Ahrensite was identified near shock-melt pockets, where they contact Fe-rich rims of olivine megacrysts, including the olivine megacryst shown in Fig. 1 (Fig. 2a) . The ahrensite is polycrystalline (Fig. 2b) . A thin layer of bridgmanite, (Mg,Fe)SiO 3 in the perovskite structure (Tschauner et al., 2014) , plus wüstite occurs between ahrensite and the melt pocket (Fig. 2c ). This phase assemblage and its origin will be described in a separate publication.
RESULTS
Petrographic characterization
In Tissint sections UT1 -UT3, ahrensite and ringwoodite form polycrystalline aggregates, 5 -20 µm across in the plane of the thin sections, composed of irregular to subhedral crystals 2 (see below) -500 nm in diameter. Crystal size of the ahrensite-ringwoodite phase decreases with increasing distance from a melt pocket, as illustrated in Figs. 2b and 2c. The aggregates are bluish green in color and translucent (Fig. 3) . The density as calculated from the empirical formula and the crystal structure, as described below, is 4.26 g/cm 3 .
High-pressure minerals identified by chemical composition plus EBSD and/or synchrotron diffraction in the Tissint sections considered in this study are ahrensite, ringwoodite, bridgmanite (Tschauner et al., 2014) , wüstite-periclase, wadsleyite, tissintite (a newly-approved (Ca,Na,□)AlSi 2 O 6 clinopyroxene; Ma et al. 2015) , xieite (a high-pressure polymorph of chromite), tuite, and stishovite. Baziotis et al. (2013) also reported the high-pressure minerals akimotoite, majorite, and lingunite in the same sections we studied but these identifications were based on the interpretation of Raman spectra without additional structural confirmation.
Additional high-pressure phases, including diamond and jadeite, have been reported in other samples of Tissint based on Raman and TEM analysis (El Goresy et al., 2013b; Walton et al., 2014) .
Ahrensite in Tissint is invariably associated with olivine that was in contact with a melt pocket. We did not observe ahrensite adjacent to shock melt veins in thin sections UT1-3, although it has been reported in other sections (Walton et al. 2014) . We note that ahrensiteringwoodite crystals UT1-3 show no preferred orientation as evidenced by EBSD mapping, even though they grow within a single crystal matrix of olivine. This implies that nucleation and growth were not controlled by a single set of crystallographic sites or interfaces. It is also important to note in BSE images that crystal-size increases systematically with decreasing distance from a melt pocket (e.g., Figs. 2b and 2c). The grain size of ahrensite-ringwoodite and its variation with distance is an important indicator of shock intensity and thermal history.
In sections UT1 -UT3, melt pockets come in two major textural forms. The first, as shown in Figs pocket and olivine megacryst we examined in detail in UT1-3, there is an intervening layer of bridgmanite (Tschauner et al., 2014) plus wüstite and of stishovite plus wüstite that separates the melt pocket from ringwoodite and/or ahrensite.
Petrographic differences between the large and small melt pockets are likely due to differences in pressure during quenching. Large pockets quenched at pressures low enough for fayalite and pigeonite to crystallize. Some of the small pockets quenched at pressures high enough to allow the retention of trace amounts of high-pressure phases, like the fine-grained stishovite, revealed by synchrotron diffraction in this study. Mg# increasing with distance from melt pockets (e.g., Fig. 4b ). Marked broadening of synchrotron diffraction peak profiles further away from the melt pockets (Figs. 8 and 9) indicates a decrease in the crystal grain size. We quantified this effect using PowderCell (Kraus and Nolze, 1996) to model the observed diffraction patterns and applied the Scherer equation to the full width at half maxima of up to 36 reflections to compute the average grain sizes (e.g., Akram and Anis-ur-Rehman, 2013) . Results are shown for the type region ( Fig. 2 ) in Figs. 6 and 9 (for the diffraction images given in Figs. 8c-e). Although ahrensite was identified in the diffraction image of 8b, even the (311) peak was, in this case, too weak to reliably support modeling of the profile. Between 5 and 30 µm from the melt pocket, the average grain size of ahrensite-ringwoodite decreases by more than an order of magnitude, from 39 -45 nm to 2 -3 nm. Ahrensite-ringwoodite within ~5 -15 µm of the melt pocket is sufficiently coarse-grained (>~50 nm) that it can be imaged using BSE and we used this technique to show that grain size increases from ~50 nm at 5 µm distance from the melt pocket to ~450 nm at ~1 µm (i.e., at the interface with the bridgmanite-wüstite phase assemblage, which is ~1 µm thick in the region used for the measurements (e.g., Fig. 2c ). These results are compiled in Fig. 10 . For the type example in UT2, synchrotron-and BSE-derived grain sizes yield subparallel lines that are offset by ~15 µm, a consequence of the geometry of the interface between the melt pool and "wall-rock" below the plane of the section and the difference in how grain size is measured using BSE and synchrotron. BSE provides the grain size in the plane of the section whereas a synchrotron beam samples the entire column through the thin section. We show in the Supplement (Fig. S4 ) that the configuration for the type example is consistent with a melt-"wall-rock" interface that extends out under the melt pool as seen in the plane of the thin section at an angle of ~45° and that distances as measured in the plane of the thin section by BSE are, therefore, ~30% longer than corresponding perpendiculars to the melt-"wall-rock" interface in 3-D. The UT1 example is more complex, as perhaps befits a microphenocryst (40 × 60 µm) in contact with an elongate (50 × 330 µm) melt pocket. Here, the grain-size data suggest a melt-"wall-rock" interface that undercuts the "wall-rock," as seen in the plane of the thin section, and is nonplanar. Nevertheless, the fact that near-interface grain sizes based on the BSE-data are similar for both examples (i.e., ~400-500 nm) suggests that both examples experienced similar thermal histories. Overall, it is clear from Fig. 10 that there is a general decrease in grain size with distance from the melt pool and that this is qualitatively consistent with decreasing intensity of heating with increasing distance.
Chemical composition of ahrensite
Crystallography and grain size
Spectroscopy
The Raman spectrum of the type ahrensite (sample UT2) is shown in Fig. 11 , along with a spectrum from the intermediate region between ahrensite and olivine and the spectrum of adjacent olivine. Although the ahrensite spectrum has significant noise, several features can be identified. They are located at (in cm is devoid of any significant Raman features (Fig. 11) , consistent with the spectrum of a highly disturbed material and in keeping with the observation that these regions also display no EBSD pattern.
Ahrensite is bluish-green in transmitted light ( Fig. 3 ) with an optical spectrum (Fig. 12) dominated by a broad absorption band centered at approximately 870 nm. The corresponding optical spectrum of ringwoodite, taken from Keppler and Smyth (2005) , is also shown in Fig. 9 .
It has a major band at ~815 nm and a second component at ~1150 nm. Keppler and Smyth (2005) assigned these features to spin-allowed absorptions arising from octahedrally coordinated
. There is an additional absorption feature in their spectrum at ~570 nm. They assign this feature, which absorbs in the green portion of the spectrum, to inter-valence charge transfer . This is consistent with the structure refinement based on the X-ray diffraction data (Table 2) , which constrains the amount of Fe on the tetrahedral site to between 0 and 3 %.
DISCUSSION
During the passage of a shock wave through the Tissint parent body rock, temperature differences were generated between adjacent grains of olivine, pyroxene, and feldspar grains due to the different shock impedances of these minerals. However, these differences cannot account for the high local temperatures of shock-generated melt pockets, for which plausible mechanisms include: 1) collapse of voids upon passage of the shock wave front (e.g., Sharp and DeCarli, 2006; Tschauner et al., 2009) ; 2) local transient peaks of dynamic stress generated by the interference of non-planar shock waves (Stöffler et al., 1986; Fritz and Greshake, 2009 ). Void collapse results in heating through rarefaction at the front-side of a void (relative to the shock front) while, at the same time, this hot material is accelerated toward and eventually impacts onto the rear-side of the void. The surrounding material is at a lower temperature, but initially higher shock pressure. During shock, stress patterns evolve on the scale of the particle velocity (km/s), whereas temperature gradients decrease by radiative and conductive heat transfer. The latter is comparatively much slower but, due to absorbance of incandescent light by the wall rock, radiative and conductive heat transfer is coupled. A number of authors have appealed to rapid thermal quench near melt-host-rock contacts to account for observed high-pressure phase assemblages in melt veins and pockets (e.g., Xie et al. 2006; Sharp and DeCarli 2006; Shaw and Walton 2013; Tschauner et al. 2014 ); these regimes of rapid temperature quench occur during shock release at pressures that depend on the total heat of the pocket and it is this process that permits the conservation of bridgmanite and akimotoite in melt veins and at the border of melt pockets.
Reverberative pressure homogenization in solid polycrystalline aggregates has been shown to be inefficient in three dimensional aggregates: Luo et al. (2010) and Pham et al. (2011) showed in three-dimensional shock simulations on bicrystals that the stresses evolve over time in such aggregates and homogenize on time scales orders of magnitude longer than that of the ratio of grainsize over particle velocity. In addition, they showed that extensive transient local stressand temperature-excursions occur. Local high dynamic stresses result in elevated temperatures when released to the background dynamic stress state. Thus, a sufficiently high stress excursion can also generate melt pockets that survive stress-equilibration due to the much slower thermal equilibration. In a melt, the shock pressure homogenizes on time scales correlated with the particle velocity because initial or transient stress differences induce turbulent mixing such as Richtmyer-Meshkov instabilities (Tschauner et al., 2005) . High-pressure phase assemblages in shocked meteorites are restricted to the vicinity of hot spots (shock melt pockets and melt veins) because only in these regions were temperatures high enough to overcome kinetic barriers to nucleation and growth (e.g., Stöffler et al., 1991; Tomioka and Fujino, 1997; Xie and Sharp, 2007; Tschauner et al., 2014 ).
As noted above, Tissint is an olivine-phyric shergottite in which olivine megacrysts display a Mg-rich core, with Fe-enrichment towards the rim (e.g., Fig. 1a ). These are igneous features predating shock. Ahrensite and ringwoodite repeat this chemical zoning pattern in their spatial distribution (Fig. 4b) . Thus, they do not form as part of a heterogeneous reaction.
Consequently, two-key conditions must be simultaneously satisfied if ahrensite is to form: 1) there must be an olivine of suitable composition (i.e., Mg# < 50) and 2) there must be an environment of sufficiently high pressure and temperature. These conditions are met during impact, which can readily generate shock waves greatly exceeding 5 km/s (the minimum velocity to eject rocks off Mars; Fritz et al., 2005) . Ahrensites, described as natural γ-Fe 2 SiO 4 , have been previously reported from shock-melt pockets in ordinary chondrites (e.g., Xie et al., 2002; Feng et al., 2011 ) and ringwoodites have been described in a wide variety of ordinary chondrites, lunar rocks, and Martian meteorites (e.g., Binns, 1969; Zhang et al., 2011; Walton et al., 2014) but, in this Discussion, we focus on the formation and growth of ahrensite-ringwoodite in Tissint.
We observed no grains of ahrensite/ringwoodite in Tissint larger than ½ µm in diameter (e.g., Figs. 1-2, 5, 10) and no aggregates of oriented spinel domains larger than 1µm. Upon shock release, crystals of high-pressure polymorphs may disintegrate into submicron domains, but, in such cases, orientational relationships among the domains are preserved and this is not observed.
The composition of ahrensite-ringwoodite solid solutions evolve with distance from the center of an olivine grain, similar to the way that fayalite-forsterite solid solutions do in its untransformed region (e.g., Fig. 4) . Thus, no substantive Fe-Mg diffusion occurred in the ahrensite/ringwoodite region during or in the immediate aftermath of the shock. These compositional features are consistent with a transition of olivine to the spinel structure occurring in the solid state.
We noted above that the grain size of ringwoodite decreases with increasing distance from the adjacent melt pocket, reflecting the decrease of temperature with distance from the local heat source. More importantly, at distances of 30 -80 µm from melt pockets, referenced to the top plane of the thin section, we observe nanocrystalline ringwoodite with grainsize down to 2-3 nm in highly strained olivine single crystals. The powder diffraction patterns of nanocrystalline ringwoodite observed by synchrotron (Fig. 8) are caused by a considerable number of grains (at least of the order of 10 4 nano-crystallites within the diffraction volume). Absence of intensity variations along the Debye fringes implies absence of preferred orientation (Fig. 8) , so that the observed grain size distributions reflect the growth of ahrensite or ringwoodite in the solid state during a shock event through an incoherent growth mechanism. There is no orientational correlation between ringwoodite nanocrystals and host olivine. Nucleation kinetics is likely to have been homogeneous.
Occurrences of ahrensite-ringwoodite described in this work fundamentally differ from those of Walton et al. (2014) , who described ringwoodite (Rw) lamellae in olivine (Ol) host crystals near a shock vein in Tissint with [011] Ol || <110> Rw and (100) Ol || {111} Rw . They postulated heterogeneous nucleation of ringwoodite on defects in the host olivine followed by coherent growth, which accounts for the observed preferred orientation of the lamellae; they suggested that a mechanism analogous to that observed in static experiments by Kerschhofer et al. (2000) was operative, although the different orientations of lamellae in the experiments and Tissint imply that the mechanisms are not exactly equivalent. Lamellar ringwoodite has also been described in a variety of ordinary chondrites (Ohtani et al., 2004; Miyahara et al., 2010; Greshake et al., 2013) with grain size related to shock duration. These occurrences differ texturally from the ahrensite/ringwoodite that we observe near Tissint melt pockets, where there is no common crystallographic relationship between the ringwoodite/ahrensite grains and the host olivine. At least in Tissint, in the vicinity of melt pockets there are mechanisms for the olivine ringwoodite/ahrensite transformation that are different from the coherent lamellar growth mechanism reported by Kerschhofer et al (2000) .
Some first order implications for Tissint are obtained independent of any details on the topography and cooling history of different shock-melt pockets. For example, previous estimates of peak shock pressures in Tissint, which range from 23 to 30 GPa (Baziotis et al., 2013; Walton et al., 2014) , are consistent with the observation of bridgmanite-periclase aggregates lining the border of shock melt pockets (Fig 2) . Adjacent to these aggregates, stishovite and wüstite form from the decomposition of ahrensite; with increasing distance, ahrensite is observed, and, finally, ringwoodite, with grain size of ahrensite/ringwoodite decreasing from micro-to nanocrystalline with increasing distance from the melt pocket (Figs. 8-10 ). Ringwoodite and ahrensite persisted metastably at pressures beyond their stability field because their free energy at those high pressure conditions were lower than those of olivine and fayalite (Walton et al., 2014) . They didn't break down to the stable phase assemblage of wüstite plus stishovite or bridgmanite plus periclase during this time because the temperatures were too low and time too short for nucleation and growth of these phases. The lack of preferred orientation among the crystals suggests that the growth of ahrensite and ringwoodite from the highly strained olivine of Tissint does not obey the known static growth mechanisms of Kerschhofer et al. (2000) or Mosenfelder et al. (2001) and, therefore, the experimentally determined growth rates are not necessarily applicable.
A key constraint on shock conditions lies in the evolution of grain size with increasing distance from the melt pocket (Fig. 10) . In the caption to Fig. S4 , we show that the surface of the original olivine macrocryst in the type sample extends out under the melt pool at a ~45° angle to the plane of the section; thus, ahrensite and ringwoodite grains in BSE images are ~30% closer to the melt pocket than they appear to be in the plane of section. Correcting for this effect and extrapolating the BSE-derived grain sizes as a function of distance to 2.5 nm, the smallest grains detected by XRD, we obtain a distance of ~23 µm from the melt pocket. A shock metamorphism model for the type location of ahrensite in Tissint must, therefore, account for ~0.5 µm diameter crystals within 1 µm of the melt pocket and ~2.5 nm diameter crystals at ~23 µm.
To illustrate how grain-size distributions might be inverted to constrain shock conditions, we used grain growth kinetics in Kerschoffer et al. (2000) and calculated total growth (i.e., half the grain diameter) for ringwoodite growing in a matrix of forsterite as a function of inverse temperature for specified shock durations (Fig. 13) . The temperatures shown in Fig. 13 do not take thermal history into account; they should be viewed as effective temperatures for the transformation (i.e., these will be lower than peak conditions during growth and higher than the closure temperatures). Incubation periods for nucleation, interference from adjacent grain boundaries, and the effect of Fe/Mg>0 are also ignored. Available data for Fe-bearing magnesian olivines (Mosenfelder et al., 2001 ) suggest that growth rates are a weak function of Fe content but ahrensites and Fe-rich ringwoodites have yet to be tested. Delayed nucleation extends the required time period for grain growth and would, in the context of our example, translate into higher effective temperatures for a given shock period. We also note that experiments underlying the plotted lines were performed for a shock pressure of 18 GPa.
Although the activation volume is zero within error for the forsterite -ringwoodite transformation (Mosenfelder et al., 2001) , one might reasonably expect faster grain growth for higher pressures at constant temperature because of greater departures from equilibrium.
Consider first the solid lines in Fig. 13 ; these refer to incoherent growth via experiments of Liu et al. (1998) , as given by Kerschhofer et al. (2000) . Similar results are obtained using models of Mosenfelder et al. (2001) , assuming the activation volume for growth to be zero. From Fig. 13 , the effective temperature for the growth of a 0.5 µm diameter grain is 2104K for a shock duration of 1 ms and 1616K for a 2.5 nm grain. These temperatures decline with increasing shock duration (e.g., 1510K and 1242K, respectively, for a 1000 ms shock) as does the difference between them (~487° for a 1 ms shock to ~268° for a 1000 ms shock). Since the 0.5 and 2.5 nm are ~1 and ~23 µm from the melt pocket (in 3-D), a temperature gradient into the megacryst of 10-20°/µm during grain growth and temperatures at 20-25 µm well above the principal Hugoniot (430K at 28 GPa; Raikes and Ahrens, 1979) are implied. From Fig. 13, there is a direct trade-off between shock duration and effective temperature, with longer shocks requiring lower temperatures for the growth of a given crystal. Most estimates of shock duration in Martian meteorites (Walton et al. 2014 and references therein) , are in the range of 1-10ms, which would imply effective growth temperatures in the type example of 1470-1620K for 2.5 nm crystals of ringwoodite at ~23 µm from the shock melt pocket and 1860-2100K for a 500 nm ahrensite crystals at 1 µm from the shock melt. From Fig. 13 , the very long shock duration of ~1s posited by Baziotis et al. (2013) to produce 2 µm ringwoodite crystals doesn't appear to be required, provided the effective temperature was high enough.
The discussion above tacitly assumes that the mechanism for grain growth of the type ahrensite was the same as that in Liu et al.'s (1998) experiments (solid lines in Fig. 13 ). We also show results for semi-coherent platelet growth in the [100] direction for a 1s shock based on experiments of Kerschhofer et al. (2000; dashed line in Fig. 13 ). We noted above that the growth mechanism for ahrensite is incoherent (i.e., not semi-coherent) but use the Kerschhofer et al. (2000) data to make the point that mechanism can have a large effect on the rate of grain growth, so that quantitative calculations based on experimental data require a match in mechanism.
Were Kerschhofer et al.'s (2000) mechanism operative, very large shocks or very high temperatures would be required to account for the observed ahrensite-ringwoodite crystals. One can also imagine that growth rates might have been even faster in Tissint than in Liu et al.'s (1998) experiments, perhaps because the defect density in highly shocked olivine was much higher than in the experiments. Water may also have been influential. For example, Du Frane et al. (2013) showed that water contents of 75 -300 ppm in precursor olivine enhanced the growth rate of ringwoodite; 100-300 ppm water content is not implausible for the Tissint olivines prior to impact (Boctor et al., 2009 ). This amount of water would also reduce the temperature of the olivine away from the melt pocket but not nearly enough to bring the temperature at 23 µm into alignment with the principal Hugoniot.
Overall, our analysis of Fig. 13 suggests that a relatively small (1-10 ms) shock can account for observed ahrensite grain sizes adjacent to the melt pocket. However, inferred effective temperatures 23 µm from the melt pocket are much higher than the principal Hugoniot of the "bedrock" at 20-30 GPa (Raikes and Ahrens, 1979; Ahrens et al., 1969) . This implies that either (a) the heat transfer mechanism for shocked olivines in contact with melt pockets is not understood (e.g., conduction would not be fast enough) or (b) the mechanism(s) controlling growth of ringwoodite in strained olivine under dynamic compression have a much weaker dependence of growth rate on inverse temperature that those prevailing under static conditions.
SUMMARY
We present the first comprehensive set of crystallographic, quantitative chemical, and spectroscopic parameters of the new mineral ahrensite. We also report occurrence and grain size statistics of ringwoodite and ahrensite in olivine grains of the Tissint martian meteorite.
Ringwoodite and ahrensite are common transformation products of shock-compressed olivine during the Tissint impact event. However, only in the vicinity of melt pockets is the transformation complete. We report, for the first time, the existence of a population of nanocrystalline ringwoodite in strained olivine at distances as much as 80 µm away from melt pockets observed in the plane of the section. We also give the first grain size statistics of ringwoodite and ahrensite as function of distance to the melt pocket (reflecting a temperature gradient) in both 2 and 3-D. The absence of any orientational relationship between olivine and ringwoodite or ahrensite indicates random nucleation and incoherent growth of these phases; grain growth in the dynamically stressed olivines of Tissint may be controlled by different mechanisms than growth under static conditions and this may account for why inferred temperatures at 20 µm or more from a melt pocket are so much greater than the background temperature expected from the principal Hugoniot. Grain sizes observed near interfaces with melt pockets are, however, consistent to first order with modest shock durations of 1-10 ms, assuming the experimentally determined rates for incoherent grain growth under static conditions to be pertinent. under a contract with NASA. We thank Tom Sharp, Makoto Kimura and an anonymous reviewer for their constructive reviews. for synchrotron data reflect surface spot size (4×5 µm) but ignore possible differences in distance to the melt pocket as a function of depth (the beam passes through the entire sample). For the type region in section UT2 (Fig. 1b) , the slopes for grain sizes derived from BSE and synchrotron XRD are similar (-0.05 vs. -0.07) but those from a UT1 olivine microphenocryst (40 × 60 µm) in contact with an elongate (50 × 330 µm) melt pocket differ by more than a factor of three. Liu et al. (1998) ], results are presented for 1, 10, 100, and 1000 ms shocks. The dashed line refers to semi-coherent growth and a 1 s shock duration based on data of Kerschhofer et al. (2000) . Horizontal lines are shown for 2.5 nm and 0.5 µm grains.
